Summary Polyamines, especially spermine, are very effective in enhancing thermal killing of mammalian cells cultured as a monolayer. The response of EMT6 multicellular tumour spheroids to heat in the presence of spermine was studied using cell survival and growth delay as endpoints. Compared to cells in a monolayer, spheroids were found to be highly resistant to combined heat and spermine. In spite of this, considerable enhancement of thermal killing by spermine was observed when the combined treatment was prolonged for a few hours. These results, together with data obtained using labelled spermine, suggest that difficulties in penetratibn of spermine into the inner cells of the spheroids contribute to the resistance of the latter. A method,of circumventing this difficulty is discussed.
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Hyperthermia at temperatures above 41°C has recently gained increased interest as a potentially useful modality in cancer treatment (Field & Bleehen, 1979) . Much of the rationale for considering the use of hyperthermia in cancer therapy has come from results obtained in vitro. Thus, hyperthermia sensitizes mammalian cells to radiation and drugs Hahn et al., 1975) and preferentially kills cells in mid S-phase, which are normally more resistant to X-rays than in other stages of the cell cycle (Westra & Dewey, 1971) . Thermal sensitivity is affected greatly by environmental factors. Nutritional deficiency (Hahn, 1974) , lowered pH in the growth medium (Gerweck & Rottinger, 1976) and the naturally occurring polyamines when supplied exogenously Gerner et al., 1980a) , all enhance thermal response. The mechanism(s) leading to the enhanced response to polyamines are still obscure, although both the chromatin structure 1979a,b) and the plasma membrane (Gerner et al., 1980b) (Sutherland & Durand, 1976) . This system has been used to study the response to hyperthermia and chemotherapy of various tumour cell lines. Thus, in EMT6 tumour spheroids, a marked resistance to adriamycin was shown when compared with exponentially growing monolayer cells (Sutherland et al., 1979) . We have described in a similar system a synergistic interaction between hyperthermia and the cytotoxic drugs bleomycin and adriamycin as measured by growth delay and cell survival (Morgan & Bleehen, 1981) .
This paper demonstrates that, compared with monolayer cells, the EMT6 multicellular tumour spheroids are resistant to the combination of hyperthermia and spermine. The latter is the most effective polyamine in enhancing thermal response. Poor penetration of spermine to the inner cells of the spheroid appears to be part of the reason for this resistance.
Materials and methods
The methods used for growth and assay of the EMT6/Ca/VJAC spheroid system were described previously (Twentyman, 1980; Morgan & Bleehen, 1981) . Briefly, spheroids were grown from a singlecell suspension in culture flasks base coated with agar to prevent cell adhesion to the surface (Yuhas et al., 1977) . Spheroids were used in experiments on day 6, by which time their average diameter was 220 + 20,um. Heat treatment was in a waterbath with the temperature controlled to +0.1°C.
Spermine tetrahydrochloride was dissolved in water and stored at -20°C in small aliquots as a stock 0.1 M solution. Prior to use it was diluted in Hanks' balanced salt solution to a concentration 50-fold higher than the final concentration required in the growth medium. To each 4.9 ml spheroids suspension to be treated was added 0.1 ml of the diluted spermine. At the same time aminoguanidine was added to the growth medium to a final concentration of 10-5M in order to inhibit spermine degradation by polyamine oxidases (Shore & Cohn, 1960) .
After treatment the spheroids were transferred into fresh medium. Twenty-four representative spheroids were selected from each treatment group by transferring 0.5 ml of spheroids suspension into a petri dish containing 10ml medium and picking up individual spheroids using a Pasteur pipette. Each spheroid was placed in a well containing 0.5 ml medium on plastic multidishes for regrowth studies. The remaining spheroids were trypsinized and the cell suspension was then counted in a haemocytometer and assayed for cell survival (Twentyman, 1980) . Exponentially growing cells in a monolayer were treated as above, trypsinized and cell survival was determined.
Uptake of labelled spermine into cells was measured as described previously . [1, 4 '4C]-spermine tetrahydrochiloride (New England Nuclear, 77 mCi mM -1) was added to 6-day spheroids suspended in 5 ml medium at a final concentration of 1 mM and 0.1 jICi ml -. After various incubation times the spheroids were rinsed with buffer and extracted with 5% cold trichloroacetic acid. The radioactivity in the acid-soluble fraction was counted using a liquid scintillation spectrometer. For treatment of monolayer cells the final concentration of the labelled spermine was 0.05 mM and 0.02 uCi ml-'. The lower spermine concentration used with monolayer cells was due to their higher sensitivity. About 2 x 106 cells were used for each determination in both spheroids and monolayer cells.
Results Figure 1 shows the survival curves for spheroids disaggregated immediately after exposure to spermine for 1 h at 42°C and 43°C. Spheroids were apparently very resistant to heat-enhanced killing by spermine as compared to cells in log-phase treated similarly as a monolayer. Thus 0.1 mM spermine killed 99% and 99.8% of the cells in a monolayer at 42°C and 43°C respectively. Under the same conditions only 18% to 50% of the cells in spheroids were killed (Figure 1 ).
Since some of the cells in spheroids were kinetically equivalent to plateau-phase cells, we also tested the effect of spermine at 42°C on plateauphase cells in a monolayer. Indeed, there was an increased resistance in such cells compared to cells in log-phase, due to a larger shoulder (data not shown). However, at 0.4mM spermine there were < 10-4 survivors while spheroids displayed resistance to spermine at concentrations > 1 mM. These results suggest that at low spermine concentration the resistance of spheroids could be partly due to a fraction of non-cycling cells. This, however, cannot explain the relative lack of effect at spermine concentrations > 0.4 mM. It should be noted that the effect of increasing the temperature from 42°C to 43°C is to eliminate the shoulder on the survival curve of log-phase cells in monolayer. In spheroids the main effect is to reduce the level at which the survival levels off.
The resistance of spheroids to heat plus spermine could be due to poor penetration of the polyamine to the inner cells. Prolonged exposure would presumably allow better penetration. Figure 2 shows that prolonged exposure to 1 mM spermine at 42°C caused progressive cell killing. Heat per se produced the usual sigmoidal survival curve with a tail beyond 4 h, suggesting development of thermotolerance. Spermine by itself became significantly toxic only at exposure times longer than 4h. A possible complication in this experiment could be due to lysis of cells and cell loss during trypsinization. However, cell count has indicated no significant change in cell number in heated spheroids. The data therefore reflect the surviving fraction of the total starting population.
The effect of heat plus spermine on regrowth of spheroids has been studied using plots of mean spheroid diameter against days after treatment (Figure 3) . A progressive decrease in the rate of regrowth can be seen with increasing exposure time to 1 mM spermine at 42°C.
These results are consistent with the survival data shown in Figure 2 . A more quantitative analysis of the regrowth curves is based on the growth delay obtained from such data (Twentyman, 1980) . This is shown in Figure 4 . Exposure at 42°C produced a small growth delay which was proportional to time and reached 1.9 days after 6 h. In the presence of 1 mM spermine heat was more cytotoxic, resulting in a growth delay of 5.8 days after 6 h treatment. At 37°C spermine had only very small effect on the regrowth of spheroids.
The uptake of labelled spermine into spheroids and monolayer cells following increasing incubation times at 37°C and 42°C is shown in Figure 5 . In monolayer, uptake was initially faster at 42°C but reached a plateau after 2 h. At 37°C uptake continued up to 4h before levelling off. In spheroids uptake was again faster at 42°C than at 37°C but at both temperatures it was slower than in monolayer cells. However, in spheroids uptake continued up to 6 h withour any indication of levelling off. Considering that the concentration of spermine in the growth medium for spheroids was 20-fold higher than for experiments with monolayer cells (because of their higher sensitivity, monolayer cells could not be exposed to concentrations >0.05mM), the relative ease of uptake in the latter is even more pronounced than is apparent from the data in Figure 5 .
Discussion
The main conclusion from this work is that EMT6 multicellular spheroids are strikingly resistant to the enhancement of thermal killing by spermine when compared with monolayer cells. This is particularly evident at spermine concentrations > IO -M where survival of monolayer cells begins to fall sharply while that of spheroids does not (Figure 1) . Survival of the latter levels off at 5 x IO-5 M spermine, leaving 80% and 50% of the cells viable at 42°C and 43°C, respectively. However, prolonging the exposure time up to 6 h and using 1 mM spermine at 42°C can lead to a progressive reduction in the surviving fraction of cells in spheroids (Figure 2 ). This is consistent with the increased growth delay of spheroids observed after a similar treatment schedule (Figure 4 ). Both end-points demonstrate enhancement of the heat effect by spermine in spheroids, although it is much smaller than in monolayer cells.
Interpretation of results using spheroids is usually complicated because the cell population is not homogeneous. This is particularly true in large spheroids containing a necrotic centre, in which the clonogenic cells near to the centre are not proliferating and are likely to be the most heatsensitive. In the present work, by using small spheroids which were in the log-phase of growth and in which there was no necrotic centre, we tried to avoid these complications. Although there may have been fewer proliferating cells in the centre, most of the cell population was presumably still cycling normally. Indirect support for this comes from the kinetic response of spheroids to heat (Figure 2) , which is very similar to that of asynchronous log-phase monolayer cells. The results of uptake experiments ( Figure 5) showed that spermine penetrates less easily into spheroids than in monolayer cells and that heat facilitates this process. These results, as well as the kinetics of cell survival and growth delay, suggest that the resistance of spheroids may be due at least in part, to a difficulty of spermine in penetrating to the inner cells. This will make the use of spermine For monolayer cells they were < 10%.
combined with heat treatment in vivo of doubtful value, considering the long treatment time required for a marked effect (up to 6 h). In spite of these observations, polyamines may be of value for cancer chemotherapy after appropriate modification. Thus, the N-acetyl derivatives of polyamines (Blankenship & Walle, 1978) penetrate more easily into cells, presumably due to the reduced positive charge. The use of these derivatives may not only circumvent the relative resistance of spheroids to combined heat plus polyamines, but could give some insight into the mechanism involved.
